Abstract. The dynamics of polarization competition in vertical-cavity surface-emitting lasers (VCSELs) is investigated experimentally. The fluctuations of the linear polarization components of the field, which are strongly anticorrelated with a non-Gaussian statistics, are characterized. The analysis of the data indicates that the competition is well reproduced by a simple Langevin description, with a two-well quasi-potential. The Kramers times and the statistics of the mode jumping are obtained and compared with the observed phenomena.
The vertical-cavity surface-emitting laser (VCSEL) is a kind of laser source of considerable interest for potential applications, but also for the physics of the device itself. While initially most works were devoted to construction techniques (see e.g. [1]), now different groups are working in order to investigate various aspects of the physics of the laser. In fact, these devices present some peculiarities due to the particular cavity structure. While conventional edge-emitting semiconductor lasers have a long cavity (about 300 µm) with short transverse dimensions (less than 1 µm), VCSELs have a short (about 1 µm) and relatively wide (about 10 µm) microcavity. For this reason, they work within one singular longitudinal mode, but high-order transverse modes are often excited. Also, due to the nearly axial symmetry of the laser, the emission is not, in general, strongly polarized. For these reasons, the dynamics of the mode competition and of the polarization can be rather complex. The importance of these phenomena has been demonstrated in the study of quantum noise [2] and of the transverse mode structure [3] in VCSELs. In a previous work [4] , we have presented a detailed experimental characterization of the role of anticorrelations in the polarization fluctuations on the amplitude noise in VCSELs. We have also demonstrated non-Gaussian behaviour of the fluctuation statistics due to polarization and mode competition. In this work we study in detail the time series originating from the experiment, investigating the features of mode jumping and giving an interpretation based on a simple phenomenological model.
The laser we have studied is a sample provided by CSEM (Zurich, Switzerland) [5] , lasing at 765 nm, with a threshold current I th = 5.4 mA. The device is an air-post VCSEL, with an 8 µm emission window. Two perpendicular linear polarizations are defined, parallel and perpendicular to the 110 crystal direction [6] . The laser is thermally stabilized (better than 1 mK), while the home-made power supply has a current noise below 40 pA Hz −1/2 in the range 1 kHz-3 MHz. A polarizer and a half-wave plate permit one to select and analyse the different polarization components of the laser emission. The laser intensity fluctuations have been measured by a fast avalanche photodiode (APD) with a bandwidth higher than 3 GHz, and a digital oscilloscope (1 GHz bandwidth, 4 Gsamples s −1 sampling rate). The intensity fluctuations of the two polarizations have been detected simultaneously by means of a polarizing beamsplitter and a pair of equal, high-efficiency PIN photodiodes (30 MHz bandwidth). A detailed description of the set-up is given in [4] . The behaviour of the laser changing the pump current can be divided into four main regions (see figure 1) . In region I (up to 9.8 mA) the laser is strongly linearly polarized (better than 97%) and in a single TEM 00 mode (we will call 'x' the direction of this principal polarization). In region II (between 9.8 and 12.8 mA), a few different near-threshold transverse modes (for up to 20% of the total power) appear in the secondary polarization (that we will call 'y' in the following). In region III (between 12.8 and 14.3 mA), several transverse modes are excited in the x-polarization. As a consequence, the fraction of power in the y-polarization is rapidly reduced. Finally, in region IV (above 14.3 mA), the laser is again well polarized (as in region I), but now the power is distributed among several different transverse modes.
As reported in [4] , the total intensity noise is significantly lower than that of the single polarization, suggesting that a strong anticorrelation is present between the two polarization fluctuations. In figure 2 we report the temporal behaviour of the intensity fluctuations simultaneously detected by the two PIN photodiodes at I = 13.1 mA. We notice how, in spite of the different power level in the two polarizations, the two signals display the same amplitude of fluctuations and are indeed anticorrelated. To better quantify such a behaviour, 
where I = I − I and · denotes a time average. In figure 3 we report C + 1, showing that the two fluctuations are always anticorrelated, even better than 99% around 13 mA. By observing the temporal series of figure 2, we notice how the fluctuations are not symmetric with respect to the mean level. This behaviour is characteristic of the transition between regions II and III, while in the other regions, even in the presence of strong excess noise, the temporal statistics is Gaussian. To clarify this point, we plot in figure 4 the histograms of the intensity signal in the x-polarization, for different values of the pump current. They are obtained from the APD signal, sampled at 2 Gsamples s −1 , using 2.5×10 5 samples. In region I, the laser is single mode and its fluctuations are Gaussian. In region II, several transverse modes appear in the y-polarization; they do not compete with the mode of the x-polarization (TEM 00 ) and the fluctuations are still almost Gaussian (figures 4(a) and (b)). Moving towards region III, the same transverse modes start to flip to the xpolarization. While observing the DC intensity level the transition appears to be smooth, the dynamical behaviour is, in fact, characterized by fast and frequent jumps of, at least, one transverse mode between the two polarizations. Such a phenomenon gives rise to jumps between two well defined levels in the single-polarization intensity. This competition adds to the usual Gaussian distribution of fluctuations, and the overall statistics therefore displays the two-peak structures of figures 4(c)-(f ). Finally, in region IV the laser is well polarized and the different transverse modes are in the x-polarization, with Gaussian fluctuations.
We have performed an analysis to investigate whether the mode jumping in the transition between regions II and III can be related to a deterministic behaviour or whether it is a noisedriven phenomenon. A fractal dimension analysis was performed with the GrassbergerProcaccia algorithm [7] on our data, using 2.5 × 10 5 points and with embedding dimensions from 3 to 10. We have found no convergence, but a scaling of the estimated dimension with the embedding dimension, suggesting that our data are noise generated.
A simplified representation of the data can help in a further analysis. As a first step, for each current level we fixed as threshold the signal mean value. Then, we plotted the histograms of the maxima reached by the signal between two successive crossings of that level. For current values corresponding to non-Gaussian statistics, a narrow peak appears, whose abscissa can be identified with an upper level. Moreover, this level remains nearly the same while changing the current. This is a strong indication that the dynamics originates from just one transverse mode, and the smooth variation of the DC intensities is due to an average over the time spent in the two polarizations. We notice that several modes switching at the same time, would give the same results, but this seems quite unlikely. A statistical analysis of the behaviour can therefore be approached using a binarized reduction of the time series, in which '0' (respectively '1') refers to the low-(high-) intensity level (in the x-polarization). For a useful representation of the signals, the threshold for the binarization must be chosen carefully. In fact, we want to avoid the effect of the Gaussian noise background and reproduce the statistics of the polarization switchings. For this purpose, our analysis has been restricted to the current values for which a two-peak structure is clearly present. In such a case, the threshold has been chosen as the intensity level corresponding to the minimum between the two peaks in each histogram. This threshold is slightly different from the simple mean. Therefore, the time series are reduced to binary sequences containing all the relevant information concerning the dynamics of the jumps.
We first notice that a return map analysis [8] of the binarized data, obtained by plotting the time duration T n+1 of the (n + 1)th pulse versus T n , provided no evidence of coarsegrained correlations. We report in figure 5 (full circles) the histogram of the length of the strings of the type '011 . . . 110' (positive pulses) for I = 12.8 mA. Such a histogram clearly displays an exponential form, as expected from a two-state unstable system, with a time constant measuring the average dwell time in level '1'. The same analysis, performed with strings of the type '100 . . . 001' (negative pulses), gives a similar behaviour with a different time constant. We report in figure 6 the time constants at different pump currents.
To clarify the physical content of this phenomenon, we introduce a simple phenomenological model. As well known, a Markoffian process described by a Langevin equation of the typė with F (t) F (t ) = 2D δ(t − t ), yields a probability distribution P (q) for q of the type
where K(q) = −∂V (q)/∂q and N is a normalization constant. In our case, identifying the intensity fluctuations in one polarization with the variable q and choosing the quasi-potential V (q) according to equation (3), where P (q) is the experimental intensity histogram (figure 4), we obtain a temporal sequence whose probability distribution reproduces, by construction, the experimental data. In such a way, the phenomenological model (2) (2) with the corresponding quasi-potential (bottom). The pump current is I = 12.8 mA.
are typical of a two-well system, with activation energies changing with the pump current ( figure 7) . In general, a two-well potential is known to give an exponential distribution of the dwell times which defines the Kramers' rate of escape (see e.g. [9] ). This behaviour is in agreement with our experimental data (see figure 5) .
We integrated equation (2) with a stochastic Runge-Kutta algorithm, using a polynomial fitting of the data in figure 7 for the quasi-potentials. Changing D, different statistics of the dwell times are obtained. We optimized D with respect to the statistics of the sequences '011 . . . 110', at I = 12.8 mA, obtaining D = 1.9 × 10 −2 W 2 s −1 . The result is shown in figure 5 . We remark that the statistics of the sequences '100 . . . 001' was automatically well reproduced. A plot of the generated temporal series is shown in figure 8 together with the corresponding experimental signal, showing an excellent agreement.
An important point is to check whether equation (2) can reproduce all the experimental series, using the respective quasi-potentials, for the same value of D. This is actually the case, as shown by the agreement of the experimental Kramers' times with those obtained by the integration (see figure 6) .
We remark that, as the noise level is comparable with the activation energy of the quasi-potentials, the system undergoes the switching behaviour. For a noise negligible with respect to the activation energy, the system would exhibit hysteresis, with a hysteresis cycle defined by the pump currents for which the quasi-potentials display the two-minima structure, namely, between I = 12.5 and 13.3 mA. Since in the total laser emission we have noticed no jumps, these two stable states must be characterized by the same total intensity, distributed between the two polarizations.
Different detailed theoretical models have been developed recently to describe the properties of VCSELs. Some of them foresee polarization switchings, in particular, in [10, 11] for index-guided lasers and in [12] for gain-guided lasers. The rise of transverse modes in the secondary polarization is found in [10] and in [12] , and a hysteresis for the polarization of the main mode is given in [13] . However, some features, in particular, the polarization switching of the weak transverse mode and the strong anticorrelation between the fluctuations of the two polarizations, are still not reproduced in the results of the present theoretical analysis. A detailed comparison of our results with the existing models has therefore to be performed.
In conclusion, we have analysed the features of the intensity fluctuations in the polarized emission of a VCSEL. The signals corresponding to the two polarizations are strongly anticorrelated, resulting in a total intensity which is almost constant in time. The singlepolarization signal demonstrates jumps between two well defined levels related to the switching of a higher-order transverse mode. Such a behaviour can be well reproduced by a Langevin equation with a quasi-potential deduced from the experiment and a noise source. This phenomenological description can stimulate further theoretical studies for a model of VCSELs able to accurately reproduce our results.
